We present experimental observation of recoil-induced resonance (RIR) in an operating cesium magneto-optical trap (MOT) by both pump-probe absorption and four-wave mixing spectra simultaneously. We investigate the dependence of amplitudes of these two spectra on pump beam intensity and frequency. The measurement results agree well with the recoil-induced theory with modifications of Raman transition effect and atomic number. The systematical study on RIR spectra is meaningful for the diagnostic measurement of cold atoms in an operating MOT.
Introduction
Laser cooling and trapping of neutral atoms have been widely used in physics research.
1) When an atom interacts with a photon, there is a corresponding change in the atom's center-of-mass momentum due to momentum conservation. The momentum exchange is associated with a phenomenon called recoil-induced resonance (RIR) which was predicted first by Guo et al. 2) The authors calculated the resonance line shape for an ensemble of two-level atoms interacting with laser fields in a pump-probe or four-wave mixing (FWM) geometry. The spectra exhibit rich structures with typical linewidths on the order of 10-100 kHz.
Pump-probe spectroscopy 3) as a non-destructive, highly sensitive diagnostic tool can be used to extract information on specific samples. Researchers use this technique to investigate molecular dynamics 4) and nanoscale composite, 5) predict coherent evolution of a quantum system 6) and measure light shift of ultracold atoms. 7) Four-wave mixing is an effective way to generate correlations and entanglements in quantum optics. 8, 9) The simultaneous requirements of conservation of energy and momentum in the process facilitate the appearance of quantum coherence. Also, FWM can be used for temperature diagnostics, 10) wavelength conversion and parametric amplification.
11)
The earliest experiments on RIR absorption spectroscopy of cold trapped atoms were carried out in cesium (Cs) magneto-optical trap (MOT) where the counter propagating laser beams play the role of both cooling and pump lights. 12, 13) Furthermore, Gordon et al. have proposed and explored the possibility in utilizing the RIR structure as an optical switch.
14) Vengalattore et al. created a slow-light optical waveguide with the strong dispersion and large gain in the RIR regime. 15) Lasing was also demonstrated in the RIR gain medium. 16) The MOT is an useful tool for producing large numbers of atoms at sub-mK temperature. This method not only increases the atomic density and decreases the collision rate, but also reduces Doppler broadening and enhances optical nonlinearity. In an operating MOT, RIR spectrum can constitute a powerful, nondestructive diagnostic tool. For examples, it can provide information on the atomic energy level shift, 17) atomic temperature, 18) momentum distribution, [19] [20] [21] nonlinear coherent interaction. 22) Thus a RIR spectra with good signal-to-noise (SNR) is helpful for these applications.
In this paper, we simultaneously present pump-probe absorption spectrum and four-wave mixing spectrum arising from RIR in an operating Cs MOT. To simulate the observed spectrum, a previous recoil-induced theory with addition of Raman transition effect is applied in these two kinds of spectroscopy. To optimize the amplitude of RIR spectrum, we measure the influence of the intensity and frequency of pump beam on the RIR spectra. A agreement between experimental measurement and theory is observed after a modification of cold atomic number which is influenced by pump beam. The study will be meaningful for the diagnostic measurement of cold atoms in an operating MOT.
Theoretical Description
The RIR phenomenon comes from the momentum exchange between the interacting atoms and light fields.
2,23)
We assume the atom with mass M interacts with a strong pump beam with wave vector k and a weak probe beam with wave vector k p . There is a small angle θ between the pump and probe beams. Assuming the probe beam frequency detuning δ (defined as ¼ f probe À f pump , where f probe and f pump are frequencies of probe and pump beam respectively) is sufficiently small, one finds that jk p j % jkj ¼ k. As shown in Fig. 1 , when < 0, the atom absorbs a pump photon and then emits a probe photon. This is a gain process, resulting in the atom momentum change by Áp ¼ Àħk, where ħ is the reduced Planck constant. Similarly, when > 0, the atom absorbs a probe photon and then emits a pump photon. This is an absorption process, resulting in the atom momentum change by Áp ¼ ħk. The amplitude of the resonance structure is proportional to the population difference Åð p þ ÁpÞ À Åð pÞ, where Åð pÞ is Gaussian distribution of atomic momentum.
Considering continuum momentum distribution and integrating over all possible values of atomic momentum, the amplitude coefficient of probe field induced by RIR 2,24) can be written as
where Ω and p are the resonance Rabi frequencies of the pump beam and probe beam, respectively. Δ is the frequency detuning of pump beam from the atomic resonance, and γ is the population relaxation rate. Assuming that ( k, where ¼ p=M is the mean atomic velocity, one obtains an analytic formula
where k B is Boltzmann constant, and T is the temperature of the atomic sample. The pump-probe spectrum (RIR signal in absorption spectrum) is quantitatively described by imaginary part of Eq. (2) Im½g RIR ðÞ. The resonance structure is a derivative of Gaussian function at ¼ 0. The FWM spectrum is background free, hence RIR signal in FWM spectrum appear much more sensitive to the weak recoil effects than the case of corresponding absorption signal. It is proportional to jg RIR ðÞj 2 .
2) The resonance structure has an ultra-narrow feature at ¼ 0, which is due to the transitions between kinetic momentum states correlated to the Rayleigh scattering.
For cold atoms in MOT, the pump-probe spectrum arising from RIR has be modified by contribution of Raman signal, which contains the roles of different magnetic sublevels. 23) Raman signal can be calculated under a semi-classical treatment where the atomic center-of-mass momentum and position are treated as classical variables. After solving the atomic density-matrix elements from generalized optical Bloch equations and considering the low-field intensity and low-energy approximations, one can get an equation for the Raman signal g Rm ðÞ ¼ 25 1224
Where À 0 ¼ Àjj 2 =½ðÀ=2Þ 2 þ Á 2 is the effective decay rate of each sub-level. Due to the effect of the Raman transition background, the overall signal of pump-probe absorption spectrum has been modified to Im½g Rm ðÞ þ Im½g RIR ðÞ, and the overall RIR four-wave mixing signal should be modified to jg Rm ðÞ þ g RIR ðÞj 2 .
Experimental Setup
The setup of our experiment is depicted in Fig. 2 . The Cs atoms are trapped in a MOT with a vacuum environment (about 3 Â 10 À7 Pa). Both trapping beam and probe beam come from a Ti:sapphire laser (Coherent, MBR110). The frequency detuning of the trapping beam is fixed at Á ¼ À3À (Γ is the natural linewidth of Cs D2 line) from the atomic resonant transition of the 6S 1=2 ðF ¼ 4Þ ! 6P 3=2 ðF 0 ¼ 5Þ using an acousto-optic modulator (AOM). A LittmanMetcalf external-cavity diode laser (Toptica DL100) is used as repumping beam, whose output power is 2 mW and frequency is stabilized to the resonant transition of the 6S 1=2 ðF ¼ 3Þ ! 6P 3=2 ðF 0 ¼ 4Þ by saturated absorption spectroscopy (SAS). A pair of anti-Helmholtz coils generates 15 G=cm magnetic field gradient. We can trap about 5 Â 10 7 atoms with a temperature of about 85 µK, which is measured by time-of-flight absorption imaging.
The trapping beam is divided into three pairs of mutually orthogonal laser beams with opposite þ=À polarizations. We choose one of the trapping beams (x-direction) as the pump beam. The probe beam injects into the sample at a small angle ¼ 2°relative to this pump beam. The polarization of the probe beam is À polarized, controlled by a =4 waveplate. The arrangement of polarizations of probe beam and pump beams are the same as Ref. 23 . Typically, the waist of probe beam is about 1 mm while the power is 12 µW, which cannot destruct the atomic cloud. The probe beam is recorded by an avalanche photodiode (APD) after going through the cold sample, and the four-wave mixing signal is retro-reflected from the cold sample and recorded simultaneously by another APD. The spatial position of FWM signal is determined by phase-conjugation of probe beam, satisfying momentum conservation. Only the probe beam irradiates the cold atoms, we can observe the FWM signal on the desired position. In order to detect sub-MHz narrow multiphoton resonances, the probe beam used for RIR spectroscopy is split off from the pump beam, that provides the necessary phase coherence. Thus, the pump-probe absorption spectrum after interacting with the cold sample has a high resolution, which allows us to distinguish the RIR signal with the order of kHz width.
Experimental Results
We scan the probe beam frequency by changing the radio frequency of AOM and record the intensities of two APDs simultaneously to obtain the pump-probe and FWM spectra, respectively. As the scanning frequency range of AOM is very narrow (sub-MHz), the variation of probe beam position can be ignored. Figures 3(a) and 3(c) separately show the RIR absorption spectrum and the FWM spectrum as a function of probe beam detuning δ. The spectra contain two parts, the broad one is the Raman transition structure and the narrow one is RIR signal resulting from the interaction between the probe beam and the pump beams with atoms. Figure 3(b) shows the dispersion-like RIR absorption spectrum near ¼ 0. Here, we define the difference of peak-peak values as the amplitude of RIR absorption spectrum. Figure 3(d) shows the four-wave mixing spectrum of RIR with an apparent dip near ¼ 0. We define the difference between the minimum value and background as the amplitude of RIR FWM spectrum. The dashed line and dot line in Fig. 3(b) represent the simulated results by Im½g RIR ðÞ and Im½g RIR ðÞ þ Im½g Rm ðÞ, respectively. We can see that the absorption spectrum agree well with the latter one, which contains the contribution of Raman background. Analogously, the dashed line and dot line in Fig. 3(d) , respectively. It also shows that the FWM spectrum also agree well with the latter one. Our measurements show that Raman transition only affects the absorption signal at two sides and has little influence near resonance while it results in the asymmetry for the FWM signal near resonance, comparing absorption spectrum.
To obtain RIR spectra with good SNR, we optimize the pump beam intensity and frequency for these two kinds of spectra. Figures 4(a) and 4(b) show the relationships between the amplitude of pump-probe spectrum versus the pump beam intensity and frequency detuning (relative to Á ¼ À3À) respectively. According to Eq. (2), one would expect that the amplitude of pump-probe spectrum is proportional to the intensity of pump beam and inversely proportional to the square of pump beam detuning, which are shown with dot lines. However, we observe a saturated effect with the pump beam intensity as shown in Fig. 4(a) and one maximum value with pump frequency detuning as shown in Fig. 4(b) . We attribute these deviations to the influence of the number of cold atoms when we change the pump beam intensity and frequency. Thus, we measure the atomic number, which are shown with circle points in Fig. 4 . To add the influence of atomic number to the RIR theory, a theoretical expression of atomic number is also needed besides of the experimental measurement. Based on Ref. 25 , the number of trapped atoms can be written as
Where A is the surface area of the trapping region assuming that the region is spherical with the beam diameter, the cross section σ for a normal MOT is about 1:5 Â 10 À9 cm −2 , 26) c is the maximum velocity of an atom can be captured, and thermal ¼ 193 m=s is the average velocity of the background gas. This equation is widely used by other groups and the reliability has been verified. 27, 28) Ignoring the effects of magnetic field and the Gaussian intensity profile of the laser beams, the radiation pressure force can be written as 25) 
Where I is the trapping beam intensity, I sat is the atomic saturation intensity, k 0 is the wave number of the trapping beam, and ν is the trapped atomic velocity. ) show the relationship between the amplitude of four-wave mixing signal versus the pump beam intensity and frequency detuning, respectively. Analogously, if we do not consider modification of Raman contribution and atomic number, one would expect that the amplitude of the RIR four-wave mixing signal should be proportional to the square of the pump beam intensity, and inversely proportional to the quadruplicate power of the pump beam frequency detuning, which are shown with dot lines. However, we observe a nearly linear relationship with the pump beam intensity as shown in Fig. 5(a) , and one maximum value with pump frequency detuning as shown in Fig. 5(b) . It is noticed that the amplitude dependence of four-wave mixing in Fig. 5(b) is obvious asymmetry compared with RIR signals in Fig. 4(b) . The dashed lines in Fig. 5 are the same as the ones in Fig. 4 . The dot lines are the theoretical fitting curves after modification of atomic number and Raman contribution, then we find that it match well with experimental results.
Conclusions
We have observed the pump-probe and four-wave mixing spectra arising from recoil-induced resonance in an operating MOT simultaneously. To simulate the observed spectra, a recoil-induced theory with Raman transition contribution is applied to both absorption spectrum and FWM spectra. We find that the Raman transition only affects the RIR absorption signal at two sides and has little influence on the width and amplitude near resonance. Contrastively, the Raman transition effect results in the asymmetry for the RIR four-wave mixing signal. We investigate the dependence of the amplitudes of these two spectra on the pump beam intensity and frequency. To overcome the deviation between measured relationships and the RIR theory, we take into account the effect of atomic number and Raman contribution, then get a good agreement between the theoretical simulation and experiment. Our study on RIR spectra is meaningful for the diagnostic measurement of cold atoms in an operating MOT.
